We propose a product design optimization method that maximizes the integrated satisfaction level for evaluative factors. Product designs include many evaluative factors that have complex interrelationships. To cope with such circumstances, we construct strategies and a practical method to obtain optimum design solutions. First, the evaluative items for the product are listed and each item is decomposed into evaluative factors. Next, to express designers' or potential customers' levels of satisfaction for the characteristic values of each evaluative factor, we define satisfaction functions that incorporate the relationship between characteristic values and satisfaction levels. Weighting coefficients for the evaluative factors are then obtained by the pair comparison method. Finally, an integrated satisfaction level is formulated by summing the characteristic values with their weighting coefficients over the entire set of evaluative factors. The integrated satisfaction level of the objective function is maximized, and optimum design solutions with maximum satisfaction levels are then obtained. If necessary, these solutions can be modified and improved by re-examining and adjusting the satisfaction functions and weighting coefficients. Furthermore, the proposed method can be used to find schemes that improve the integrated satisfaction level. The utility of the proposed method is demonstrated using a passenger train coach design.
Introduction
The most important and productive focus of the product design process is to generate products that provide maximum satisfaction levels for the product designers and/or product users when considering all related evaluative factors [1] . The most successful designs satisfy the broadest possible range of satisfaction levels for product performances, qualities, safety issues, ergonomics, aesthetic factors, product manufacturing costs, and so on. The realization of such design requirements almost always depends on the construction and use of a product design supporting system that takes into account various economic factors, rising degrees of affluence, and increasingly sophisticated customers who demand higher satisfaction levels for the products they choose to use.
Product design optimization problems are by nature multidisciplinary design optimization problems. The essence of most representative methods that effectively handle such optimization problems is the division of the design problem into a number of smaller design problems, that is, the creation of a hierarchical collection of design problems that accurately represents the main design problem. Concerning hierarchical optimum system design methods, a variety of useful systematic design concepts have been proposed to date, such as system design methods based on Bi-Level Integrated System Synthesis [2] , Collaborative Optimization (CO) [3] , and ATC (Analytical Target Cascading) [4, 5, 6] .
In many cases, the efficiency of design optimizations is improved because the relationships among divided design regions can be more easily evaluated than a monolithic problem. In such methods, the design subject is generally divided into smaller regions that comprise a hierarchical array of levels arranged according to the particular features of the design subject. That is, the factors located at lower levels of the hierarchically arranged design problem correspond to smaller, more detailed regions of the design subject. Such hierarchical optimization procedures are known as substance-based hierarchical optimization strategies.
Other hierarchical system design optimization methods, based on decomposition or simplification of characteristics, have also been proposed, in which hierarchical optimization procedures are constructed according to priority factors and a detailed understanding of the conflicting relationships among product characteristics [7, 8] . Optimization procedures then begin at these deeper levels, where the most important and influential aspects of the design problem can be grasped and clarified. In such optimization problems, the lower hierarchical levels correspond to the simpler relationships of characteristics concerning the details of the product design, and such methods are known as characteristicbased hierarchical optimization strategies.
Concerning product design supporting systems, Suh [9] proposed an axiomatic approach to design, based on a pair of axioms, namely, the independence axiom and the information axiom. This approach is effective in finding drawbacks or unsatisfactory points in product designs and then improving them. Another approach, Data Envelopment Analysis (DEA) [10, 11] is popularly used in management science fields and has also been applied to product design [12] . Evaluative factors that form a frontier are numerically obtained to find evaluative factors that can be used to obtain more preferable design solutions. Deficient evaluative factors can be found and then improved, but specifying the relationships between evaluative factors and design variables is difficult. TRIZ (the Theory of Innovative Problem Solving), a database system for storing and accessing ideas and knowledge concerning past product manufacturing, can be used to support product design processes [13] . The SQC (statistical quality control) method is used to evaluate variations in characteristics and reduce their magnitude, but this method only considers characteristic variations. Concerning the evaluation of satisfaction levels for product designs, Yoshimura and Kondo [14, 15] have proposed a group decision making method for product design using the concept of group satisfaction, or utility.
To most effectively support the development of product design solutions that provide maximum satisfaction levels, the following points should be focused on and realized:
(1) The product design should be started from the conceptual design stages, and aim to obtain truly optimum design solutions. At the detailed design stage, only surface level design improvements or improvements of troublesome points can be accomplished. (2) Complex interrelationships, such as conflicting relationships among various evaluative factors and subjective preference levels for the evaluative factors, should be sufficiently considered. (3) Global and integrated optimum solutions should be obtained after considering all related evaluative factors. Based on the above considerations, this paper proposes a product design optimization method in which satisfaction levels for a product design are maximized after considering all of the product design's evaluative factors. This method has the following features:
(1) The proposed method is a tool that supports product designers, in which the preferences of designers or potential customers are incorporated in questionnaires. ( 2) The evaluation of characteristic functions, including design variables, is integrated in a satisfaction function. (3) Product design preferences are quantified as satisfaction levels, and optimum solutions are effectively obtained. (4) Related characteristics that also include factors pertaining to aesthetics and ergonomics, i.e., subjective characteristics, are concurrently considered. To demonstrate the effectiveness of the proposed method, it is applied to a train coach design after the construction of practical procedures.
Proposed product design optimization method
Here, we construct a method for obtaining product design solutions that provide the maximum integrated satisfaction level. Figure 1 shows the flow of the proposed product design optimization method. The number of evaluative factors is denoted N, and the detailed procedures carried out at each step are as follows:
Step 1. The design problem details are clarified. First, evaluative items for the design, such as safety, comfort, usability, and so on, are defined. Next, each item is subdivided into evaluative factors, such as crashworthiness and running stability in the case of vehicle safety. The approaches for obtaining numerical values for each of the evaluative factors are then determined, and design variables and constraint conditions are defined.
Step 2. The characteristic values for each evaluative factor for the design variables are obtained by numerical analysis or experiments. Regression analysis is then conducted using results obtained by the response surface method, and an evaluative characteristic function
that expresses the relation of evaluative characteristic i x with design variable vector d is defined for each evaluative factor.
Step 3. A satisfaction function 
As shown in Figure 2 , the evaluative characteristic value corresponding to various satisfaction levels are indicated by points A, B, C, D, and E for satisfaction levels of 0.1, 0.3, 0.5, 0.7, and 0.9, respectively. Parameters a, b, c, and e in equation (1) are determined by the least squares method so that the summation of the square of the satisfaction level differences for a given evaluation characteristic value at point A, B, C, D, and E is minimized. Human preference levels for particular characteristic values can be effectively expressed using the parameter values of the preference function that includes the features of the characteristic being regarded. 
Step 6. The optimum solution that has the maximum integrated satisfaction function value is obtained under the constraints in effect for the feasible design variables.
Applied xample e
The proposed method is exemplified using a product design for a train coach. Figure 3 shows the train coach model that is analyzed using the finite element method (FEM). Model data is generated by PATRAN computer simulation software. The leading face of the coach has a convex shape, there are four doors on each side, and a total of six windows are provided, one between each pair of doors. The coach body is built using a 7000 series aluminum alloy (Al-Zn-Mg alloy), with material properties as indicated in Table 1 . Table 2 Design variable values
The design variables are the train window size, front member sandwich plate thickness, and side member sandwich plate thickness. The train window width is the width of the windows on the side face of the coach as shown in Figure 3 . Four values are set for each design variable, as shown in Table 2 . Thus, since there are three design variables and four design magnitude values for each design variable, analyses for 64 (4 3 ) combinations of variables are necessary. To reduce computation time, only 16 analyses are conducted, using orthogonal arrays of the experimental design, without reducing analytical accuracies. The regression analysis is conducted using the results obtained by the response surface method. Figure 4 shows the hierarchical deconstruction of the evaluative items, factors, and characteristics for the train coach body design problem. The three evaluative items of safety, comfort, and cost occupy the 1 st level of the hierarchy. The safety item comprises three evaluative factors: train coach damage mitigation, personal injury mitigation, and running stability. The comfort item comprises two evaluative factors: the ride comfort level and the view quality. The cost item is here simply evaluated by the evaluative factor of the material cost. The evaluative factors are located at the 2 nd hierarchical level and the evaluative characteristics that are used in the actual evaluation of each evaluative factor are in the third hierarchical level. The safety evaluative item includes problems pertaining to crashworthiness, which have been studied in detail [17, 18] , but crashworthiness problems are individually evaluated in most cases. Table 3 Design variable parameters Figure 4 . Deconstruction of the train coach body design problem
In the evaluation of the train body damage mitigation pertaining to crashworthiness, the strain energy stored in the train body in the case of a crash is calculated using DYTRAN software, and the magnitude of the strain energy is abbreviated as ASE (element distortional energy). Smaller magnitudes of strain energy correspond to less deformation of the train body. Similarly, concerning passenger safety in the event of a crash, less severe impacts generate smaller decelerations that correspond to fewer or less severe passenger injuries, so personal injury mitigation is evaluated according to the Since people feel discomfort when subject to movement in the range from 8Hz to10Hz, the 1 st principal bending natural frequency of the train coach body should be higher than this frequency range. The degree of ride comfort is evaluated according to the 1 st principal bending natural frequency, denoted by the abbreviation BNF. The degree of passenger satisfaction with the views of exterior scenes while riding in the train coach is evaluated according to the train window width, abbreviated TWW, since broader windows provide easier views of outside scenery that leads to greater passenger satisfaction.
Table 4 Characteristic values for various design models
The cost is here simply evaluated by the material cost of the train coach body. A lighter body corresponds to a lower material cost, hence lower product manufacturing cost. The train coach body weight is denoted by BW.
In
Step 2 of the optimization procedure, crash and vibration analyses are performed for design variables included in the L16 orthogonal arrays. Evaluations of characteristic functions x(d) are obtained based on the expression of the analyzed results using the response surface method, and Table 4 Table 5 shows the correspondence between the satisfaction levels and the evaluative characteristic values. As an example, Figure 7 shows a satisfaction function graph of the strain energy ASE. The satisfaction function
is then derived by substituting
Step 2 into the satisfaction function ) (x f obtained above. Table 5  Evaluation characteristic function values corresponding to satisfaction levels Figure 7 . Satisfaction function graph for absorbed strain energy
In
Step 4, the weighting coefficients are determined for the evaluative factors, based on pair comparisons, and results are shown in Table 6 . Next, in Step 5, the integrated satisfaction function given in equation (2) is formulated. Table 6 Weighting coefficient values based on arithmetic means Table 7 Design variable values at the optimum solution Table 8 Evaluation characteristic values and satisfaction levels at the optimum solution
Finally, in Step 6, the optimum solution is obtained by the quasi-Newton method. The optimization problem includes a number of local optimum solutions. The solutions for eight different combinations of initial design variable sets were obtained. The solution having the highest satisfaction level was considered as the optimum solution and the design variable values for the optimum solution are shown in Table 7 . Table 8 shows the characteristic values and satisfaction levels for each evaluative factor.
Discussion
The proposed method includes subjective evaluations for determining satisfaction functions and weighting coefficients. After obtaining initial design solutions, reexamination of these factors is required. In the case of the applied example, discussion leads to more preferable design solutions. shown in Table 6 has the lowest value, the maximum and minimum satisfaction levels in Table 9 are the same. Table 9  Satisfaction level differences   Table 10 Design variable values for cases with maximum and minimum satisfaction levels Table 11 Optimum solution for case with constraint conditions added to satisfaction level Table 10 shows the design variable values for cases with maximum and minimum satisfaction levels. The results indicate that a relatively narrow train window, thin front sandwich plate, and thick side sandwich plate are preferable, hence these aspects of the design parameter values hold the most promise for design improvements.
To increase the integrated satisfaction level for the optimum solution, the evaluative factors that have the smallest satisfaction levels should be focused upon. In this example, the strain energy (ASE) and the train coach body weight (BW) are in this category. To increase the integrated satisfaction level here, smaller strain energy and lower train coach body weight are simultaneously required. Since the strain energy corresponds to the static rigidity of the train coach body, a decrease in strain energy requires an increase in static rigidity. One scheme that might fulfill such requirements is to use a material that is more rigid and lighter than the aluminum alloy originally specified, such as a carbon fibre reinforced plastic (CFRP). Currently, CFRP is increasingly used in airframe construction, due to its lightness and outstanding mechanical properties. However, CFRP shortcomings include poor recyclability and higher cost compared with aluminum alloys. Therefore, CFRP can be considered suitable for certain parts of the train coach body, but not the entire structure. Table 11 shows a comparison of the results for three cases for which different satisfaction level constraints, or no constraint, were applied in the optimization formulation. In case 1, no constraint was applied. In case 2, the satisfaction levels of all evaluative factors had to be 0.4 or above, and in case 3, the satisfaction level of the strain energy had to be 0.45 or above, while satisfaction levels for the other evaluative factors had to be 0.4 or above. The data reveal that integrated satisfaction levels serially decreased for cases 1, 2, and 3. The addition of constraints can be useful, to cope with practical requirements, but integrated satisfaction levels then tend to decrease.
Conclusion
A product design optimization method was proposed in which the integrated satisfaction level of evaluative factors is maximized. The method has the following features:
(1) Design solutions having the maximum integrated satisfaction level are searched for by comprehensively evaluating a number of related and diverse characteristics. (2) The method aims to maximize the satisfaction level for the entire product design rather than improve unsatisfactory parts of the product design. (3) Optimum design solutions are examined to obtain more preferable solutions by managing satisfaction functions and weighting coefficients for the evaluative factors. (4) The proposed method can be expanded to find product designs that provide higher satisfaction levels. In this paper, the utility of the proposed method was demonstrated in a train coach design problem, but the method is applicable to general product design. 
